Abstract-Massive Multiple-Input Multiple-Output (MIMO) has become one of the key technologies for future mobile communication systems. Although there is a variety of potential benefits, unresolved implementation issues of massive MIMO are manifold. In this work, we consider the issue of mutual coupling in large antenna arrays. A known matrix model that describes array coupling effects is considered. This coupling model is augmented by a matching network in order to provide a universal coupling model that is applicable to any channel model. Impact of array coupling is then shown by applying the coupling matrix on the 3rd Generation Partnership Project 3D channel model. We show that the matching network leads to decorrelation and significantly reduces capacity losses due to mutual coupling in the context of massive MIMO.
I. INTRODUCTION
Multiple-Input Multiple-Output (MIMO) technologies facilitate high spectral efficiency. They are a key part of today's wireless communication standards, such as IEEE 802.11 or 3rd Generation Partnership Project (3GPP) LTE-Advanced. In the last years, MIMO systems with a large number of antennas, referred to as massive MIMO, were considered in literature [1] - [4] . When the number of antennas approaches infinity, opportunities such as asymptotically orthogonal channels and utilization of linear receivers emerge. Due to the possible enhancements in spectral efficiency and power efficiency, massive MIMO became one of the key physical layer technologies for fifth generation mobile communication networks.
Even though massive MIMO provides numerous opportunities, practical realizations still struggle with many implementation issues. Not only are theoretical limits of channel state information and pilot contamination [3] - [6] , which are linked to array reciprocity calibration [7] , [8] , subject of ongoing research. Hardware impairments such as I/Q-imbalance, phase noise and power-amplifier non-linearities are considered in literature as well [9] .
Another issue that is existing in MIMO systems is mutual coupling between antenna elements within an array [10] , [11] . Mutual coupling and correlation in massive MIMO systems are investigated in [2] . However, the authors of [2] do not consider any geometric or stochastic channel model. They generate identically and independently distributed channel coefficients and introduce correlation via the Kronecker model.
Contribution:
In this work, we employ a known generic matrix coupling model. This allows to introduce effects of mutual coupling to a channel matrix that might be obtained by any channel model. In contrast to previous work, we extend the coupling model by a matching network as a method for partly compensating mutual coupling effects. We consider a multiport conjugate match designed for optimal decorrelation [10] , [12] . To show the effects of mutual coupling in a massive MIMO system, the coupling model is applied to the 3GPP 3D channel model [13] that does not consider antenna coupling by itself.
II. MATRIX COUPLING MODEL
Mutual coupling of antennas means that the electromagnetic field produced by one antenna alters the current distribution of another antenna. Although this simply means that there is transmission between these two antennas, which is also the case between an antenna at a base station and an antenna at a mobile, mutual coupling mainly refers to an unintended coupling between co-located antennas of a node. In free space, two antennas need to be placed infinitely far apart in order to be uncoupled. The amount of coupling is either described by means of scattering parameters or impedance parameters that are measured between the two coupled antennas.
Considering an antenna array at the base station of a mobile communications network, antenna elements are usually spaced in close proximity, typically less than a wavelength from each other, leading to significant coupling between them. For massive MIMO systems below 6 GHz, deploying compact arrays with element spacings lower than half a wavelength is necessary due to physical array dimensions. For example in [14] authors measure with a large array of 128 elements at 2.6 GHz; at half wavelength antenna spacing this array is 7.3 m long.
Mutual coupling of array elements leads to two effects. Firstly the array pattern is altered compared to the hypothetical uncoupled case. Secondly, since the excitation of one element alters the current of another element. The impedance of one antenna array port, which is referred to as scan impedance, then depends on the excitation of all antenna elements. Therefore a coupled array cannot be steered to any direction α as an impedance mismatch occurs. For example, a Uniform Linear Array (ULA) array that is matched to front-fire cannot be steered to end-fire [15] . To reduce the amount of coupling between elements, that is, to increase inter-element isolation, the pattern of each element has to be modified such that the radiation is focused towards front-fire rather than in the direction of adjacent elements. This corresponds to usage of directive array elements as often suggested for millimeter wave communications [16] . Employing high gain antennas, however, also leads to a reduced angular steering range since the element pattern is then more directive in favor of front-fire and there is again no power towards endfire possible. This limited steering range has an impact on the channel capacity when waves depart towards users with a high angular spread, as it is the case for Non Line Of Sight (NLOS) conditions. In this work, we assume dipole antenna elements that show a significant amount of mutual coupling. To compensate the impact on the channel capacity, we consider a matching network rather than shaping element patterns.
To include effects of mutual coupling in a channel model, we utilize the coupling matrix model from [17] - [19] . Below we derive the coupling matrix for the transmit case, while the derivation is similar for the receive case. The coupling model is then augmented in order to include effects of a matching network.
For derivation of the coupling model, we consider the circuitry shown in Fig. 1a . Source voltages described by U 0 = (U 0,1 , . . . , U 0,N )
T for the antenna ports n = {1, . . . , N } together with reference impedances Z 0 model signal sources of constant available power. This is referred to as free excitation model since the antenna array port currents I = (I 1 , . . . , I N )
T and the port voltages U = (U 1 , . . . , U N ) T are not directly controllable but depend on source voltages as shown below. The linear array is described by the impedance matrix Z A ∈ C N ×N . We assume the antenna elements to be of minimum scattering type, that is, an element's input impedance is not influenced by the presence of other array elements [20] . Then the diagonal elements Z A [n, n] are given by the single element impedance in free space. We consider thin half-wavelength dipole antennas which fulfill this property. The off-diagonal elements Z A [n, m] for n = m describe mutual coupling between the elements n = {1, . . . , N } and m = {1, . . . , N }. For thin half-wavelength dipoles, there exist analytic solutions for self impedances and mutual impedances as a function of geometry [15] , [21] . The array impedance matrix can be calculated as explained above for any minimum scattering antenna when mutual impedance information is available. In this case, the presented method is applicable to any array configuration.
The far-field of a dipole antenna is proportional to the feed current. For the free excitation model shown in Fig. 1a , the antenna feed current is described by
where E denotes the identity matrix. The scan impedance of port n is defined as the port voltage to current ratio
when all ports are excited. The scan impedance is therefore different from the antenna element impedance Z A [n, n] at port n which is obtained only when all other ports are open circuited. Inserting the antenna array's voltage current relation U = Z A I into (2) we obtain
Note that the scan impedance of port n depends on the excitation of all ports. In the context of beamforming this corresponds to the fact that the amount of reflected and transmitted power depends on the beam angle α due to mutual coupling. When the antenna array is coupled, there exist beam directions where no power is radiated to or received from. Mutual coupling reduces the possible angular range for beamsteering. The scan reflection coefficient at antenna port n is defined as
Please note that the scan reflection coefficient is different from the classical notion of a reflection coefficient. While the classical reflection coefficient of port n is defined for all other ports terminated with the respective reference impedance, the scan reflection coefficient at port n is obtained with all ports excited. Therefore, the scan reflection coefficient of any port n depends on the excitation (antenna current) of all antenna elements via (3).
A. Coupling Matrix
For equal antennas, when no coupling is present, all mutual impedances are zero and
with an arbitrary antenna element impedance Z E . Inserting this in (1) yields the voltage to current relation for the uncoupled case
We expand (1) by the factor found in (6) to obtain
from which the well-known coupling matrix is deduced to be
such that
Due to the introduced normalization, we obtain a coupling matrix that evaluates to the identity matrix E in the hypothetical case of no coupling between antenna elements of impedance Z E . This ensures applicability to any channel model by having no effect in the uncoupled case.
B. Multiport Conjugate Matching
We introduce a matching network Z M ∈ C 2N ×2N to the system as shown in Fig. 1b . Although the antenna array is described by impedance parameters, a matching network is commonly designed in scattering parameter description for convenience by
Several methods of matching a coupled antenna array are known [22] . By choosing S 22 = S H A (the hermitian equivalent of Z A ), the power transfer is maximized for any choice of excitation. Thereby the scan reflection coefficient for the matched case is independent of the steering angle α. However, this only means that a perfect match is achieved for any excitation but does not mean that mutual coupling effects are completely compensated.
The design of a reciprocal and lossless matching network achieving a conjugate match does not lead to a unique solution. We choose the matching network known to have optimal decorrelation properties for symmetric dipoles [10] . For convenience, the matching network scattering parameter solution for (10) is provided in the appendix. The impedance parameter description is then obtained by transformation and is partitioned in the blocks Z 11 , Z 12 , Z 21 and Z 22 analogously to (10) . Similar to (1), the excitation voltage U 0 to antenna current I relation for the circuity shown in Fig. 1b is calculated to be
Similar to (8), we introduce a coupling matrix including a matching network
where again the scalar c ∈ C in (14) is chosen such that C = E for the hypothetical case of no coupling, that means for Z A = Z E E. The factor c therefore fulfills the same purpose as the factor (Z 0 + Z E ) in (8) and has the physical dimension Ohm. LetH ∈ C M ×N denote an uncoupled channel matrix consisting of channel coefficients from N transmit antennas to M receive antennas. The coefficientsH describe a narrowband channel ignoring mutual coupling, i.e., a channel coefficient H[m, n] from transmit antenna n to receive antenna m is obtained in the absence of all other transmit and receive antennas. Mutual coupling effects at the transmit side antenna array are included in the coupled channel matrix
By this, effects of mutual coupling are straight forward to include in any channel model once the array's impedance matrix Z A is known.
From (15) it is obvious that a simple zero-forcing receiver compensates effects of mutual coupling by inverting the coupling matrix [17] . In the context of mobile communications however, this leads to noise enhancement for small eigenvalues of H.
III. SIMULATION RESULTS
For simulations, channel coefficients are generated exploiting the 3GPP 3D channel model [13] , [23] . We consider massive MIMO downlink transmissions in an urban macrocell scenario [13] with users uniformly distributed in a single sector ranging from 0 to 120
• as shown in Fig. 2 . A ULA of 200 vertical dipoles is placed at the base station such that the broadside direction of 60
• corresponds to front-fire. A user within the sector is assumed to be in NLOS and has one vertical dipole antenna. The element pattern for halfwavelength dipoles from [15] was implemented in the 3D channel model. Small scale channel coefficients from 200 antenna elements to a user with a single receive antenna were then generated exploiting the channel model. Next, the coupling matrix model was applied. Results were obtained by averaging over 10 000 channel realizations.
The magnitude of the average correlation coefficient for different antenna element spacings is shown in Fig. 3a . The correlation coefficient values for the uncoupled case are obtained from channel coefficientsH generated by the 3D channel model that does not consider coupling effects. Values for the coupled and coupled & matched case are calculated including the coupling matrix via (15) . For the former case, the coupling matrix is given by (8) while for latter case the matching network is included leading to the coupling matrix (14) . The correlation coefficient obtained under the assumption of uniformly distributed Angles of Departure (AoD)s is plotted for comparison and labeled as Jakes.
Due to the distribution of users in a single cell and the resulting AoDs, uncoupled channel coefficients show a significant amount of correlation that decreases only slowly with antenna separation. When mutual coupling is included, correlation decreases faster with antenna separation even when no matching is included. Considering the coupled and matched case, the matching network is chosen to achieve a multiport conjugate match and ideal decorrelation, see [10] , [12] . This solution is also provided in the appendix. While perfect decorrelation was obtained in [10] for two symmetric dipoles and AoD from all directions, the coupled & matched curve in Fig. 3a shows that low correlation is also obtained for 200 dipoles and a limited distribution of AoDs.
For channel coefficients directly obtained from the 3GPP 3D channel model, uncoupled channel capacity is almost constant over antenna separation. For comparability, channel capacities shown in Fig. 3b are normalized to the uncoupled case. The Signal to Noise Ratio (SNR) is chosen to be 20 dB for N = 4 antennas when conjugate beamforming is applied. For the same total transmit power, an SNR of 37 dB is achieved with N = 200. When the mutual coupling model is included, a strong impact on capacity is visible for antenna spacings smaller than half a wavelength. For small antenna spacings, not only does the mutual impedance between dipoles increase, but also more elements are within close proximity of each other, contributing significantly to the mutual coupling. Therefore, capacity decreases faster with decreasing antenna distance for N = 200 compared to N = 4. For element spacings larger than half-wavelength, effects of coupling on the capacity become negligible for dipole antennas in a ULA configuration. For other array geometries, with more than two nearest neighboring elements, like in a rectangular planar array, effects of coupling will be more severe.
When a multiport conjugate matching network is introduced, correlation is decreased and channel capacity is increased significantly for narrow spacings, compared to the unmatched case. Without any matching, a significant amount of transmit power is lost due to reflection for certain excitations. The power transfer to the antenna array is maximized for any choice of excitation by the conjugate matching network. Still, matching cannot reduce the mutual coupling of the antenna array, that is, Z A is unchanged, and certain beam patterns cannot be formed by the coupled array. With a high number of N = 200 antennas, relative capacity gains between the unmatched and matched case are smaller compared to a low number of N = 4 antennas. Although matching is less effective for high numbers of antennas and its implementation is not straight forward in practice, matching is a mutual coupling compensation method to consider for compact arrays.
IV. CONCLUSION
We introduced a universal coupling matrix model including a matching network, which is straight forward to include in any channel model. We applied this model to the 3GPP 3D channel model to obtain simulation results exploiting a standardized MIMO channel model. The 3D channel model considers clusters of scatterers between the users and the base stations. The AoDs are generated randomly following a wrapped Gaussian distribution. Channel coefficients show high correlation, which is slowly decreasing with antenna distance. We showed that the matching network choice for perfect decorrelation also works for large arrays and a channel with initially high correlation. Further, results show that mutual coupling has a stronger impact when the number of antennas increases, since mutual impedance between antennas decreases slowly with distance. Therefore, not only nearest neighboring elements need to be considered in the context of mutual coupling. We conclude that channel capacity loss due to mutual coupling can partly be compensated by a multiport conjugate matching network. However, for a large array, the implementation of a matching is practically challenging.
APPENDIX A MULTIPORT CONJUGATE MATCH
For convenience, the matching network derivation is given in scattering parameter description. The antenna array's Sparameter matrix is obtained by transformation
